Phylogenetic relationships and evolutionary rates for 36 alcohol dehydrogenases ( ADHs) from vertebrates and plants are described, with ADHs from fission yeast and from baker's yeasts as outgroups. Vertebrate sequences include 15 mammalian, 2 avian, and 1 amphibian ADH, as well as one sequence deduced from a human pseudogene. Plant ADH sequences include 1 from a gymnosperm (loblolly pine) and 16 from angiosperms, in which 9 sequences are from monocots and 7 are from dicots. Phylogenetic analysis shows that ADHs from vertebrates and from plants are classified into two distinct groups, and the latter group is further divided into angiosperm and gymnosperm ADHs. Among three classes of vertebrate ADHs, class I and II ADHs are most closely related and evolved at much faster rates than did class III ADHs. The gymnosperm ADH has evolved more slowly than any angiosperm ADH. However, ADHs within both of the vertebrate classes I and II and class III groups have similar evolutionary rates, as do most of the ADHs within the angiosperm group. The rate of amino acid replacement for the vertebrate and plant ADHs is -0.3-0.6 X IO-'/site/year.
Introduction
Zinc-containing long-chain alcohol dehydrogenases (LC ADHs) are conserved among diverse species such as mammals, plants, and yeasts (Eklund et al. 1976a; Jornvall 1985; Jornvall et al. 1987) . Human ADHs have been grouped into three classes (I, II, and III) (Strydom and Vallee 1982; Bosron et al. 1983; Wagner et al. 1983) . For example, peptide analyses of the human ADH have revealed that the peptide profiles of class I (homo-or heterodimers of a, p, and y subunits), class II (dimers of n; subunits), and class III (dimers of x subunits) differ significantly from each other, whereas a, p, and y subunits within class I have very similar profiles (Strydom and Vallee 1982) . As in humans, ADHs from mouse (Edenberg et al. 1985; Julia et al. 1988 ) and horse (Kaiser et al. 1988) are also divided into the three classes. The number of class I ADH subunits varies among mammals.
In comparison with the three class I subunits in human, there exist one subunit each in rat (Eklund et al. 1976a ) and mouse ( Edenberg et al. 1985 ) and two in horse (Jornvall 1970a (Jornvall , 1970b . In plants, multiple ADH subunits also exist, but they are not similarly classified.
Evolutionary relationships of the LC ADHs have been studied using amino acid sequences (e.g., see Eklund et al. 1976~; Jornvall et al. 1987; Sun and Plapp 1992) as well as DNA sequences Gaut and Clegg 199 1) . These analyses show that phylogenetic relationships of the LC ADHs are generally consistent with taxonomic relationships of organisms from which they are sampled ) and that the rates of nonsynonymous nucleotide substitution for ADH genes are rather constant, -0.3-0.6 X lO-9/site/year Gaut and Clegg 199 1) . In particular, Yokoyama et al. ( 1990) analyzed 17 dimeric ADHs from vertebrates and plants, whereas Sun and Plapp ( 1992) considered 32 dimeric, as well as 15 more distantly related tetrameric, ADHs. The distantly related sequences allow us to root the phylogenetic tree of the dimeric ADHs, but tree topologies obtained under such conditions can be misleading because of noise introduced by uncertain alignment of the sequences. Furthermore, in both and Sun and Plapp ( 1992) , possible errors involved in estimating phylogenetic trees have not been evaluated. Evaluation of such errors is essential in assessing the reliabilities of tree topologies derived.
In the present paper, we construct the rooted phylogenetic tree of a total of 36 currently known vertebrate and plant ADHs by using bootstrap analysis of ADHs from vertebrates, plants, and yeasts. Inclusion of the loblolly pine ADH in the present because this is the first ADH characterized from analysis is of particular a gymnosperm.
importance,
Material and Methods
Class I ADHs were represented by ADHa (HsaA) (Ikuta et al. 1986; von BahrLindstrom et al. 1986; Matsuo and Yokoyama 1989) , ADHP ( HsaB) Ikuta et al. 1986; , and ADHy (HsaC) Hoog et al. 1986; Ikuta et al. 1986; Yokoyama et al. 1992 ) from humans (Homo sapiens). Other class I ADHs used were those from baboon [ Papio hamadryas ( PhaB); Trezise et al. 19891, rhesus Kaiser et al. 19901 , chicken [ Gallus gallus (Gga); Estonius et al. 19901 , and frog [ Rana perezi (Rpe); Cederlund et al. 199 I] . ADH-E and ADH-S denote ethanol-active and steroid-active ADHs, respectively (Jornvall 1970a (Jornvall , 1970b . One class II ADH from human ( HsaP; Hoog et al. 1987; von Bahr-Lindstrom et al. 199 1) and class III ADHs from human (HsaX; Kaiser et al. 1988), mouse (MmuX; Edenberg et al. 1992) ) rat ( RnoX; Julia et al. 1988) , and horse ( EcaX; Kaiser et al. 1989) were included. Human ADH encoded by a newly discovered ADH6 (Hsa6; Yasunami et al. 199 1) ) and the amino acid sequence deduced from an ADHS pseudogene ( YHsaX; Matsuo and Yokoyama 1990 ) were also included. The genes encoding Cja, Rpe, Gga, RnoX, and EcaX have not been characterized.
For plants, nine ADHs from five monocot species, one each from seven dicot species, and one from a gymnosperm species were included. The monocot sequences were ADH 1 (Zmal; Dennis et al. 1984 ) and ADH2 (Zma2; Dennis et al. 1985) from maize (Zea maize); ADHl (Hvul; Good et al. 1988; Trick et al. 1988 ), ADH2 (Hvu2; Trick et al. 1988) , and ADH3 (Hvu3; Trick et al. 1988 ) from barley (Hordeum vulgare); ADH 1 (Osal ) and ADH2 (Osa2) (Xie and Wu 1989) Sun and Plapp ( 1992) . To root the phylogenetic tree, we added an outgroup based on a tetrameric ADH from fission yeast Schizosaccharomycc pombe (Spo; Russell and Hall 1983) and three tetrameric ADHs from baker's yeasts Saccharomyces cerevisiae (See 1, Bennetzen and Hall 1982; Sce2, Russell et al. 1983; and Sce3, Young and Pilgrim 1985) . The number of amino acid residues in the LC ADHs from vertebrates and plants ranges from 374 to 38 1, whereas yeast ADHs are shorter, with 346 to 348 residues. All of these amino acid sequences were initially aligned by using a multiple alignment program in CLUSTAL V (Higgins et al. 1992 ) and were adjusted further visually to increase sequence similarity.
For the pairwise comparisons of the ADHs, the number of amino acid replacements per residue (K) was estimated by a formula K = -In ( 1 -p), where p is the proportion of different amino acids per site between two polypeptides. Topology and branch lengths of phylogenetic trees were evaluated by using the neighbor-joining (NJ) method (Saitou and Nei 1987 ) based on K values. Bootstrap probabilities for branches of the NJ tree for the amino acid replacements were estimated by bootstrap analysis using CLUSTAL V with 1,000 replications (Higgins et al. 1992 ).
Results and Discussion Phylogenetic Tree
The amino acid sequence alignment of 40 ADHs has been deposited in EMBL (accession no. ds14642.dat).
Because of the small number of deletions and insertions, the vertebrate and plant ADH sequences can be easily aligned, and the alignment agrees well with that of Sun and Plapp ( 1992) . However, the alignment of these ADHs and the four yeast ADHs is not always straightforward.
The first two-thirds, with the exception of sites 120-15 1, of the aligned 40 ADH sequences are very similar to that in Sun and Plapp ( 1992 ) , but the last one-third of the two alignments differ somewhat. Of a total of 390 sites, the two alignments agree at -270 sites.
In the alignment, residues 50 (cys), 74 (his), and 186 (cys), which provide ligands to one catalytic zinc, and residues 105 (cys), 108 (cys), 111 (cys), and 119 (cys), which provide ligands to another catalytic zinc, are identical for all vertebrate, plant, and yeast ADHs. Eighteen additional unvaried residues exist among the 39 functional ADHs. In aligned ADH sequences, two types of segments seem to be recognized with respect to sequence similarity-conserved regions with amino acids of similar physicochemical properties (residues 29-59, 69-94, 15 1-189, 198-253, 270-28 1,285-3 10,3 19-352, and 360-377) and variable regions. Thus, in order to evaluate phylogenetic relationships of the vertebrate and plant ADHs, two data sets were used: ( 1) the entire region of ADHs only from vertebrates and plants and (2) only the conserved regions of all 40 sequences. The average number of residues compared for the first and second data sets was 374 and 242, respectively.
Tree topologies for the vertebrate and plant ADHs derived using the first data set ( fig. 1 ) and second data set (rooted tree; result not shown) shared important common features. That is, the vertebrate and plant ADHs are classified into two distinct groups. By using the second data set, the root can be located between branch points A and G (see fig. 1 ). , and SC3 as the outgroup. Branch length (i.e., distance) was estimated by the number of amino acid replacements per site by means of the NJ method of Saitou and Nei ( 1987) . Circled numbers indicate clustering percent support generated by 1,000 bootstrap analyses.
The K values between HsaA and HsaP, between HsaA and HsaX, and between HsaP and HsaX are 0.5 1, 0.45, and 0.49, respectively. Thus, it would seem that class I and class III ADHs seem most closely related among the three classes of vertebrate ADHs, as was suggested by Sun and Plapp ( 1992) (also see Kaiser et al. 1990 ). However, figure 1 shows that classes I and II are most closely related among the three classes. The group of class I and II ADHs, and HS6 (class I/II) and the class III group, cluster with bootstrap support of 0.90 and 1 .O, respectively. The alignment in the first data set and that of the vertebrate and plant ADHs in Sun and Plapp ( 1992) is virtually identical, so that the difference between the present results and those of Sun and Plapp ( 1992 ) seems to have occurred because Sun and Plapp compared the vertebrate and plant ADHs with more distantly related ADH family members and probably introduced additional noise in evaluating their phylogenetic relationships. The cluster of the class I ADHs from human, rhesus monkey, baboon, horse, mouse, and rat is reliable (with bootstrap support of 1 .O; fig. 1 ). Among the three human class I ADHs, HsaA and HsaB are most closely related. The support for clustering of HsaA and HsaB is very low (see fig. 1 )) and it may be more appropriate to conclude that the three subunits diverged about the same time .
HS6 seems to be most closely related to the class I group, and divergence between HS6 and the class I group occurred before the divergence of different vertebrate species (also see Sun and Plapp 1992) . Similarly, the divergence of class I, II, and III ADHs predates the emergence of vertebrates (Cederlund et al. 199 1; Sun and Plapp 1992) . Figure 1 also shows that HsaX and YHsaX diverged after the mammalian radiation. We have previously estimated that the divergence between HsaX and YHsaX occurred about 3.5 Mya (Matsuo and Yokoyama 1990 ). In plants, gymnosperm and angiosperm ADHs form two distinct groups. Among angiosperms, monocot and dicot ADHs each form monophyletic groups with support values of 0.85 and 0.37, respectively ( fig. 1 ). With the exception of the grouping between Psa and Tre, the phylogenetic relationships among the dicot ADHs are uncertain (see fig. 1 ).
Among the monocot ADHs, the ADH 1 group (Zma 1, Pgl, Hvu 1, and Osa 1) is distinguished from the group of Zma2, Osa2, Hvu2, Hvu3, and Tae (ADH2/ 3 group) ( fig. 1) .
Because of uncertain relationships among angiosperm ADHs, rooted phylogenetic trees of the plant ADH genes have also been constructed by using nucleotide sequences. Plant genes used were those encoding the 16 angiosperm ADHs, and vertebrate genes encoding HsaA, HsaB, HsaC, HsaP, Hsa6, PhaB, MacA, MmuA, MmuX, RnoA, EcaE, and EcaS were used as the outgroup. For the pairwise comparisons of these ADH genes, the number of nucleotide substitutions per site was estimated by Kimura's ( 1980) two-parameter method. Bootstrap support for branches of the NJ tree for the nucleotide substitutions was evaluated by the bootstrap program in CLUSTAL V with 1,000 replications.
When the third positions of codons were excluded, monocot and dicot ADH genes each formed monophyletic groups, with support values of 0.99 and 0.60, respectively.
When all nucleotides were considered, the respective two groups again formed distinct clusters with support values of 1 .O and 0.79. As the number of sites considered increases, support of the monocot and dicot ADH genes forming monophyletic groups increases. Thus, both amino acid and nucleotide sequence data strongly suggest that monocot and dicot ADHs have their own monophyletic origins.
Branch Lengths
In figure 1, three differences in branch lengths are apparent: ( 1) branches from A to class III ADHs, excluding YHsaX, are much shorter than branches from A to class I/ II ADHs; (2) the branch from G to gymnosperm ADH (Pta) is much shorter than many from G to angiosperm ADH branches; and (3) the branch leading to YHsaX is much longer than that leading to HsaX.
Three functional domains of ADH, identified using X-ray crystallography by Eklund et al. ( 1976b) , are useful in interpreting the data. The residue numbers of the aligned ADH sequences are as follows: one catalytic domain (CD 1) spans residues l-187; the coenzyme-binding domain (CBD) spans residues 188-332; and a second catalytic domain (CD2) spans residues 333-39 1. Thus, using the first data set, we can evaluate evolutionary patterns of ADHs forthe three~functional domains separately. Accordingly, branch lengths are calculated for the three domains and combined regions separately (table 1) by taking a series of averages. The method of estimating standard errors is crude and probably gives an underestimate (M. Nei, personal communication).
For the combined domains, the average K values for branches from A to class I/ II ADHs and from A to class III ADHs are 0.30 + 0.03 1 and 0.19 * 0.024, respectively (table 1)) which shows that significantly more amino acid changes have accumulated in the former group than in the latter group (also see Kaiser et al. 1989; Sun and Plapp 1992) . The difference between the two groups of ADHs is statistically significant only in the CBD domain. The K values for branches G-gymnosperm ADH (Pta) and G-angiosperm ADHs are 0.10 and 0.14, respectively. Although statistically not significant, fig. 1 for branch points A-l. Standard errors were computed from { p/[n( I-p)]}"', wherep is the proportion of different amino acids and n is the number of amino acid positions involved (Nei 1987 , p. 41) .
a Difference in branch lengths is significant at the 5% level. b Difference in branch lengths is significant at the 1% level. When all residues are considered, Matsuo and Yokoyama ( 1990) estimated that YHsaX evolved about 90 times faster than its functional counterpart, HsaX. The branch length leading to 'PHsaX after its divergence from HsaX is 0.10 f 0.067, whereas the branch length for HsaX is 0.0 1 & 0.002 (also see fig. 1 ), which are significantly different (P < 0.0 1) .
Despite differences in branch lengths leading to different ADH groups, many branch lengths are similar for various ADHs within these groups. In particular, ADHs within both of the vertebrate class I / II and class III groups have similar branch lengths, as do most of the ADHs within the angiosperm group (see table 1 ).
Evolutionary Rates Figure 1 suggests that more amino acid replacements have occurred in class I/ II and in angiosperm ADHs than in class III and gymnosperm ADHs, respectively. These differences can be studied more directly by using evolutionary rates of amino acid replacements.
To estimate the rate (r) of amino acid replacements per site per year, average branch lengths were calculated, which were subsequently divided by the appropriate divergence times among groups (see footnotes to table 2). For mammals, a divergence time of 75 Mya was used. Divergence times among vertebrate class I, II, and III ADHs are not known. Thus, the evolutionary rates can be estimated only for classes I and III, where ADHs from different species with reasonably well-established divergence times are known. Rates of amino acid replacement are shown for CDl, CBD, and CD2 separately and for the three domains combined (table 2) . When all domains are considered, the r value for the gymnosperm ADH is about three-quarters of that for angiosperm ADHs (table 2) . However, the Y values for class III ADHs are about the same as those for class I ADHs. The evolutionary rate for the class III ADH is based on four mammalian species and reflects only a recent evolutionary process. Thus, the significantly shorter length of branch A-class III ADHs than that of branch A-class I/ II ADHs in table 1 (also see fig. 1 ) seems to be due to a much slower evolutionary rate of the class III ADH before the time of the mammalian radiation. When the three domains are considered separately, different patterns of ADH evolution are revealed. The r values for class I ADHs are similar among the three domains, whereas those of class III ADHs are smaller for CD1 and CBD than for CD2. This is consistent with the observation that class III ADHs accumulated a smaller number of amino acid changes than did class I/II ADHs in the CD 1 and CBD domains (table 1) .
Divergence times are often uncertain, and estimates based on molecular data are associated with large standard errors (e.g., see Wolfe et al. 1989; Martin et al. 1993) . Table 2 suggests that plant ADHs evolved more slowly than vertebrate ADHs, which may be caused by unreliable divergence times. Thus, it may be of interest to evaluate evolutionary rates over the entire period since the separation of animals and plants -1,000 Mya ( Dayhoff 1978 Table 3 shows that HsaP and Hsa6 contain more amino acid replacements at conserved residues than do other ADHs. Eklund et al. ( 1976b) identified four hydrophilic cores-Kl, K2, K3, and K4-in CD1 and CD2 and two hydrophilic cores-N 1 and N2-in CBD, which are functionally important residues. Notice that amino acid replacements P-N ( 177) in CD1 and V+T (303) and V-1 (305) in CBD of HsaP are in cores K4 and N 1, respectively. These replacements might have contributed in the functional differentiation of HsaP, or class II ADHs, from class I ADHs (see fig. 1 ). Furthermore, replacements F-+L (365) and F-V (372) in CD2 of Hsa6 and replacement F-Y ( 152) in CD 1 of HsaX are all in core K3 and might have been important in the differentiation of Hsa6 from the class I and class II ADHs and for the specific function of the class III ADH, respectively.
It is clear that evolutionary analyses can identify amino acid replacements that may have been potentially important during the functional differentiation of ancestral ADHs, particularly in vertebrates. The functional significance of these replacements, however, remains to be determined.
Alignment Availability
The alignment of the amino acid sequences of 40 ADHs is available from the EMBL file server by sending the E-mail message "get align:ds14642.dat"
to NetServ@EMBL-Heidelberg. DE or by anonymous ftp to ftp.embl-heidelberg.de in/pub/ databases/embl/align / ds 14642.dat. NOTE.-A unique replacement means that all sequences but the one or two shown on the right-hand side of the arrow have the same amino acid. The ancestral amino acid is shown on the left-hand side of the arrow. Superscripts "K3," "K4," and "N 1" refer to hydrophilic cores identified by Eklund et al. ( 19766) . Residue numbers are shown in parentheses.
